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Abstract

Diaphanoscopic illumination has the disadvantage that the intraocular spectrum is red-shifted due to transmission properties
of the eyewall. This red-shift should be counteracted as well as the retinal risk should be reduced with adjusting the spectral
distribution of the illumination light. Likewise, the illumination spectrum has to be adapted to the eye color of the patient.
With the further development of a red, green, blue and white light-emitting diode (RGBW-LED) diaphanoscopy pen, the
intensities of each color can be varied. The functionality of the LED pen is tested on ex-vivo porcine eyes. By measuring
the transmission of the sclera and choroidea, the photochemical and thermal retinal hazard and the maximum exposure time
are determined according to the standard DIN EN ISO 15004-2:2007. With this RGBW-LED pen the intraocular space can
be illuminated clearly of up to 1.5 h without potential retinal damage according to DIN EN ISO 15004:2-2007. By adjusting
the illumination spectrum the red-shift can be compensated and retinal risk can be reduced. By varying the LED intensities,
the correlated color temperature in the eye can also be varied from cold white to warm white appearance as comfortable to
the ophthalmologist. Additionally, a simple adjustment of the illumination to the eye color of the patient is possible. Using
this RGBW-LED pen, the ophthalmologist can set the desired intraocular color appearance, which he prefers for special

applications. He could also adjust the illumination to the eye color as this would reduce retinal hazard.

Keywords RGBW-LED - Diaphanoscopy - Retinal hazard - Correlated color temperature - Intraocular illumination

1 Introduction

In diaphanoscopy, the eye is illuminated from the outside
through the eyewall. When passing the eyewall, the spec-
trum of the illumination light experiences a red-shift, so that
the ophthalmologist perceives the light inside the eye more
reddish, compared to the rather white light of the illumina-
tion source. However, diaphanoscopy also has many advan-
tages. It is a patient-friendly and non-invasive procedure to
illuminate the eye. Compared to endoillumination, sterility
requirements are not as high, because no incisions have to be
made to the eye, leading to lower risk of postoperative infec-
tions. The light also enters the eye more homogenized and
diffuse than with endoillumination due to light scattering
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in the sclera [1, 2]. In addition, shadows are reduced and
unwanted reflexes at the lens are absent. The retinal haz-
ard is even smaller than with endoillumination, since light
must be transmitted through the eyewall, and is therefore
less intensive as light from endoilluminators that illuminate
the retina directly. Due to many advantages and also despite
the red-shift in the eye, diaphanoscopic illumination has
many applications in the eye, e.g. tumor localization and
therapy [3-8], localization of retinal breaks [9, 10], removal
of vitreous [11, 12], peeling the internal limiting membrane
[13] and diaphanoscopically guided cyclophotocoagulation
[14]. The improvement of diaphanoscopic applications keeps
going on, e.g. with the integration of light guides in scleral
depressors [9-12, 15].

The development of a first red—green—blue-white light-
emitting diode (RGBW-LED) diaphanoscope by Busshardt
et al. (2021) [16] allowed the eye to be illuminated by differ-
ent LEDs with different colors, which can vary in brightness,
leading to higher contrast images of the tissue and structures
of the eye.In our study, the system from Busshardt et al.
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(2021) [16] is improved by applying LEDs that have higher
luminous fluxes. Another improvement that the new system
presented in this study should include is an improved heat
dissipation and with this a reduced temperature at the tip of
the LED pen. Additionally, the evaluation of retinal hazard
is improved. Since the LED pen is in direct contact with
the eyewall, a risk assessment of the radiation on the retina
must be performed. The guidelines in the standard DIN EN
ISO 15004-2:2007 and in Sliney et al. (2005) are used for
this purpose [17, 18]. For this risk assessment, it is nec-
essary to know how much light is transmitted through the
sclera and choroidea in order to determine the actual expo-
sure to the retina. For this purpose, additional transmission
measurements of these two layers in combination of ex-vivo
porcine eyes are performed. With the transmission prop-
erties of sclera and choroidea the potential photochemical
and thermal retinal risk is evaluated according to [17, 18].
The risk assessment in [16] was performed using only scle-
ral transmission, neglecting the choroidea, which contains
hemoglobin that absorbs much of the dangerous blue light.
In addition, the influence of pigmentation is included in our
study, which is missing in [16],

The new RGBW-LED pen is tested for functionality on
ex-vivo porcine eyes. Additionally, this study also performs
further tests on porcine eyes, examining correlated color
temperature (CCT) for different combinations and intensities
of the various LEDs. CCT has an effect on the visibility and
contrast of biological structures, with higher CCT provid-
ing a higher image contrast [19, 20]. By adjusting the LED
intensities, the physician can vary the CCT of the lighting
and also reduce the photochemical and thermal hazard to
the patient’s eye. Since the total transmission of the eyewall
depends on the degree of pigmentation [21], the retinal haz-
ard, and CCT may also vary for eyes with different degrees
of pigmentation. Thus, by adjusting the light intensities,
the surgeon can counteract the lower transmission in highly
pigmented eyes than in low pigmented eyes, or reduce the
increased risk of low pigmented eyes compared to highly
pigmented eyes.

Potential application for such am advanced RGBW-LED
diaphanoscopic illumination pen include not only the general
operating room, but also areas following natural disasters,
in which a healthcare infrastructure is lacking, such as after
earthquakes, volcanic eruptions, or floods. The treatments
there can be performed well with diaphanoscopic examina-
tions, due to the lack of incisions in the eye, there is little
requirement for sterility. Compared to conventional lighting
systems, the new illumination system provides a low-cost
solution for a wide range of applications.
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2 Materials and methods
2.1 RGBW-LED diaphanoscopy pen

As diaphanoscopic light source an SMD-LED XMLDCL-
00-R250-00C5AAA02 LED (Cree, Durham, USA), includ-
ing a red, green, blue and white LED (RGBW-LED) was
used with peak wavelengths of 640 nm, 520 nm, 450 nm
and 445 nm (for the blue peak of the white LED). The
white LED had a CCT of 6000 K. The dimensions of the
LED was 5 mm X5 mm and it was mounted on a cop-
per board, which was connected to a copper bar to dissi-
pate the heat from the LEDs. For further heat reduction a
33.5 mm long light pipe PLP5-1000 (Bivar, Irvine (CA),
USA) was placed close to the LEDs. The tip of this light
pipe was applied for transscleral illumination of the fundus
and was thus in contact with the sclera. Light pipe, LED
board, copper bar and power cables were positioned using
a 3D-printed framework. The design of these components
are new compared to the existing RGBW-LED pen in [16],
resulting in much better heat dissipation and therefore
higher maximum LED intensities. The aluminum housing
of the pen was 25 mm in diameter. Since too much heat is
harmful to the sclera, the temperature was measured at the
tip of the light pipe. The thermometer employed was the
UT320 (UNI-T, Dongguan City, China). The control unit
and the handling of the LED pen was similar to [16]. One
improvement is the new minicomputer to control the LED
intensities, Pi 4 Model B minicomputer (Raspberry Foun-
dation, Cambridge, Great Britain). The current applied at
each LED could be controlled independently in 5% steps
with “+” and “—“ buttons. 100% corresponds to a cur-
rent of 350 mA. The spectral irradiance E(A) emitted by
the RGBW-LED pen was measured with the calibrated
spectroradiometer CAS 140D, which was connected to
an integrating sphere (ISP 250 UV, Instrument Systems,
Munich, Germany), illustrated in Fig. 1a. The aperture of
the integrating sphere was 3 mm in diameter, representing
the contact surface of the diaphanoscopic pen on the eye.

2.2 Test on ex-vivo porcine eyes

For the test of the RGBW-LED pen, porcine eyes from a
local butcher were used. Measurements were performed on
the day of enucleation. The eyes were stored in balanced
salt solution at 4 °C in the fridge and were divided in two
groups, eyes with brown/dark iris and eyes with blue/light
iris. As the iris color is correlated to the amount of mela-
nin in the choroid-retinal pigment epithelial cells [22], the
eyes were called strong and less pigmented in our study.
The transscleral illumination tests on porcine eyes were
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Fig.1 a Set-up for determining the emitted irradiance of the
advanced RGBW-LED pen. Light was captured by an integrating
sphere and detected with a spectroradiometer. b Set-up for tests with
the advanced RGBW-LED pen on ex-vivo porcine eyes. The RGBW-
LED pen illuminated the eye transsclerally. With an attachment lens
and a camera the fundus of the eye could be displayed. ¢ Set-up for
transmission measurement of sclera and choroidea. A section of

performed with single LEDs or LEDs in combination. If
a LED was turned on the intensity was set to 100% (cor-
responding to 350 mA LED current). The pen was placed
at the posterior pole of the eye and light was transmitted
through the eyewall into the interior space. This light was
detected and sharp images were generated with a cam-
era (D5600, Nikon, Tokio, Japan), in front of the porcine
lens (Fig. 1b). In addition, a biconvex attachment lens was
placed on the cornea so that the retina could be brought
into focus. The camera exposure time, HDR setting as well
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the sclera and choroidea was illuminated with a fiber and transmit-
ted light was collected with an integrating sphere and detected by a
spectrometer. d Set-up for determining the CCT the ophthalmolo-
gist perceives during surgery. The eye was illuminated transsclerally
by the advanced RGBW-LED pen and light in front of the pupil was
detected by a spectroradiometer. (Color figure online)

as aperture were kept constant when photographing the
eye. Only the ISO value of the camera was adjusted to the
light conditions of the transscleral illumination.

2.3 Retinal hazard evaluation
With the wavelength dependent irradiance of the LED pen,
E()) , the photochemical and thermal hazard to the retina

could be calculated. According to the international standard
DIN EN ISO 15004-2:2007 [17] and Sliney et al. (2005) [18]
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the photochemical hazard was calculated by weighting the
irradiance E(A) with the photochemical hazard weighting
function A(A), see Eq. (1). E,_g is called the “with A(})
weighted irradiance on the retina”. The photochemical haz-
ard weighting function is high in the low wavelength region,
therefore the sum in Eq. (1) had to be calculated between
305 and 700 nm. For determining the thermal retinal haz-
ard, the irradiance was weighted with the thermal hazard
weighting function R(}), see Eq. (2). Ey gy is called the
“with R(M\) weighted visible and infrared irradiance on the
retina”. As the thermal hazard is the highest in the visible
and infrared region, the sum in Eq. (2) ranges from 380 to
1400 nm. The standard for ophthalmic instruments EN ISO
15004-2:2007 specifies limit values for these photochemical
and thermal weighted irradiances. The limit values for the
photochemical hazard is 0.22 mW/cm? and for the thermal
hazard 700 mW/cm? [17, 18]. No retinal damage is to be
expected below these values. If the photochemical limit of
0.22 mW/cm? was exceeded, the maximum exposition time
had to be considered and was calculated as in Eq. (3).

700 nm

E,p= Y E() A()-AL (1)
305 nm

1400 nm

Eyker = ), E()-R()-AZ @
380 nm

_10J/cm

EA—R

max 3)

Since light is attenuated by the sclera and choroidea
before it hits the retina, the photochemical and thermal haz-
ard were also reduced. To determine the actual exposure on
the retina, the irradiance E(\) was weighted by the transmis-
sion E(A) of the sclera and choroidea. Equations (1-3) then
were replaced by Egs. (4-6).

700 nm

Ear ans= D, E(D)-T()-A(D) - A @)
305 nm

1400 nm

Eyirer = 2, E(A)-T(A)- A(A) - AA )
380 nm

10J/cm
tmax,Trans = E— (6)
A—R,Trans
The transmission of the sclera and choroidea was deter-
mined as illustrated in Fig. 1c. Light from a xenon lamp
LQX 1000 SC (Linos, Goettingen, Germany) and a halogen
lamp SLS201 L/M (Thorlabs, Newton, USA) were combined
with a bifurcation fiber BFY400MSO02 (Thorlabs, Newton,
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USA) and coupled into an ophthalmological illumination
fiber TotalView Endoillumination Probe including illumi-
nated scleral depressor 3269.B06 (D.O.R.C., Zuidland, The
Netherlands). The fiber tip was in contact with the tissue and
light, which was transmitted through the tissue, was cap-
tured by the integrating sphere MSP REFLTRANS1 (Moun-
tain Photonics GmbH, Landsberg am Lech, Germany) and
detected with a spectrometer AvaSpec-HSC 1024 x S8TEC-
EVO (Avantes, Apeldoorn, The Netherlands), which was
connected to the integrating sphere via another fiber
M114L01 (Thorlabs, Newton, USA).

2.4 Correlated color temperature

To determine the CCT the surgeon perceives during surgery
for various settings of intensities for different LED combina-
tions a spectroradiometer BTS256-LED (Gigahertz-Optik
GmbH, Tiirkenfeld, Germany) with an aperture of 10 mm
diameter was placed in front of the eye. The inside of the
eye was illuminated transsclerally with the RGBW-LED illu-
mination pen with various combinations and intensities of
the LEDs. A schematic sketch is illustrated in Fig. 1d). The
CCT was provided by the software of the spectroradiometer.

3 Results
3.1 RGBW-LED diaphanoscopy pen

The final RGBW-LED pen is displayed in Fig. 2a with the
green LED set to 100%. A more detailed presentation of the
pen is given in Fig. 2b. A 3D printed framework connects
and attaches the power cables, the copper bar, the LED board
and the light pipe. The aluminum housing, which envelopes
them all, is shown separately. The spectral irradiance for
the red, green, blue and white LED and all LEDs together,
RGBW, at 100% are given in Fig. 2c. If all 4 LEDs are oper-
ated simultaneously at 100%, the temperature at the tip of
the light pipe is 30.2 °C.

3.2 Test on ex-vivo porcine eyes

The images of the transsclerally illuminated fundus taken
with the camera are presented in Fig. 3. The LEDs are set
to 100% intensity and were turned on individually and in
combination to illuminate the eye. Depending on the illu-
mination setting, the retina with its blood vessels and optic
nerve (brighter oval area on the right side of the retina) are
more or less visible. For example, the image with green and
white illumination light (GW) makes vessels more visible
than with red illumination light (R).
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Fig.2 a Graphical user interface of the RGBW-LED pen with the green LED set to 100%. b Components of the RGBW-LED pen. ¢ Spectral
irradiance of the red (R), green (G), blue (B) and white (W) LED at 100% and all LEDs combined (RGBW) at 100%. (Color figure online)

3.3 Retinal hazard evaluation when the pen is directly on the retina. However, since the

transmissions of the sclera and choroidea attenuate the
The photochemical and thermal hazard and the maxi-  light, the hazards and the maximum exposure time are
mum exposition time of the RGBW-LED pen are calcu-  calculated according to Egs. (4-6). The mean transmis-

lated according to Egs. (1-3). These values would apply  sion of sclera and choroidea, which is used in Eq. (4-6),
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Fig.3 Fundus images of ex-vivo porcine eyes transsclerally illumi-
nated with the RGBW-LED pen for different LED combinations at
100% intensity for each LED. The optic nerve is clearly displayed

is presented in Fig. 4 with corresponding standard devia-
tion. The blue curve illustrated the transmission of eyes
with less pigmentation (blue iris) and the orange curve
illustrates the transmission of eyes with strong pigmenta-
tion (brown iris). It can be observed that the transmission
of less pigmented eyes is higher than the transmission of
strong pigmented eyes. The transmission is the smallest in
the blue wavelength range and increases with increasing
wavelength.
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RGBW

in the center of each image. Additionally, vessels can be visualized
much better for example with green and white (GW) illumination
than with red (R) illumination. (Color figure online)

The results of all 6 equations from all LEDs with all pos-
sible combinations at 0% and 100% intensity are listed in
Table 1. Without considering the absorption properties of
the eyewall, the limit value for the photochemical hazard is
exceeded for all LEDs and LED combinations except for the
red LED. The resulting maximum application times ., Trans
are also listed. The thermal limits are not exceeded. Consid-
ering the absorption properties of the eyewall, the limit value
for the photochemical retinal hazard is partly exceeded.
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Fig.4 Mean transmission of sclera and choroidea of eyes with less pigmentation (blue curve) and strong pigmentation (orange curve) with
standard deviation in the range between 380 and 830 nm. (Color figure online)

Table1 E, i, Eyjry and t,,, for different LEDs and combinations at
100% intensity (without absorption of sclera and choroidea, unreal-

istic) and Ep g Tyans EvIRR, Trans @04 Ly Trans TOT different LEDs and

combinations at 100% intensity with considering the absorption of
sclera and choroidea for high and low pigmented eyes

Without absorption

With absorption (low pigmentation)

With absorption (high pigmentation)

LEDs Eyg mW/em?)  ty (min)  EyppmMW/  Exg rans Goax Trans ) BviRR tans EaR Trans o Trans 1) EVIRR, Trgns
cm®) (pW/cmz) (mW/cm?) ( pW/cmz) (mW/cm?)

R <1 2134 76 5 537 5 4 777 4

G 3 54 64 73 38 2 50 55 1

B 141 1 158 1482 2 2 1028 3 1

\%% 42 4 12 416 7 4 287 10 3

RG 3 54 133 75 37 6 52 53 4

RB 136 1 226 1452 2 7 1008 3 5

RW 41 4 193 418 7 9 289 10 6

GB 138 1 214 1503 2 3 1043 3 2

GW 43 4 180 470 6 5 325 8 4

BW 178 1 279 1864 1 6 1293 2 4

RGB 133 1 274 1472 2 8 1023 3 5

RGW 44 4 251 487 6 10 337 8 7

RBW 17 1 345 1869 1 10 1297 2 7

GBW 175 1 331 1891 1 7 1312 2 5

RGBW 168 1 379 1839 2 11 1278 2 8

The limit value for the thermal hazard is never exceed. It is
observed that E, g 1y, Of slightly pigmented eyes is about
1.44 times higher than that of strongly pigmented eyes.
Varying LED intensities results in different values for
E AR, Trans and in different allowed application times. The fol-
lowing variations in LED intensities are given by, for exam-
ple, w100b50. This means the white LED is set to 100%
and the blue LED to 50% intensity. The letter indicates the
LED color and the digit after the letter indicates the inten-
sity of the LED. If a color does not appear in the letters, the

corresponding LED is off. If the white LED is operated at
100% intensity the blue LED can be added in discrete steps
to compensate the red-shift. In Fig. 5a, E5 g 1y, fOr strong
pigmented eyes is given in orange and for less pigmented
eyes in blue. With increasing blue component, Ex g 1rans
increases (left y-axis) and t,,, decreases (right y-axis). It
is also noticed, for example, that when examining low pig-
mented eyes with 100% intensity of white LED and 50%
intensity of blue LED, the hazard is even a little higher than
examining high pigmented eyes with 100% white and 100%
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Fig.5 EjR trans (eft y-axis) and t, gy, (right y-axis) for differ-
ent combinations of the RGBW-LED pen at different intensities. a
White LED at 100% adding the blue LED in 10% steps. b Red and
green LED at 100% intensity and adding the blue LED in 10% steps.

blue LED. Figure 5b presents the behavior if the RGB-LEDs
are set to 100% and the blue LED is reduced by discrete
intensity steps. Reducing the intensity of the red LED also
reduced the red-shift of light by transmitting the eyewall but
would not affect Ex g 1y, S€€ Fig. Sc.

3.4 Correlated color temperature

By varying the intensities of the LEDs analogue to Fig. 5
the CCT also changes. Adding the blue LED (100%) to the
white LED (100%) increases the CCT from around 3000 K
to around 8000 K (Fig. 6a). There are also differences in
CCT for different pigmented eyes. For example, in Fig. 6b,
it is evident that the CCT at a setting of rg100b60 for less
pigmented eyes is almost the same as for rg100b80 for
highly pigmented eyes. The intensity of the blue LED can
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mmm Ep R 1ans l€SS pigmented eyes

—0— tmax Trans Strong pigmented eyes

¢ Green, blue and white LED at 100% intensity and adding the red
LED in 10% steps. Blue and orange bars indicate the results for less
and strong pigmented eyes. (Color figure online)

be reduced by 20% and with this the hazard to the retina
decreases. If all LEDs are set to 100% and the intensity of
the red LED is reduced, the red-shift of the intraocular illu-
mination can be counteracted and the CCT increases as the
red content decreases (Fig. 6¢).

4 Discussion

The application of diaphanoscopic illumination can be fur-
ther advanced using the improved RGBW-LED diaphano-
scopic pen. This pen enables intraocular illumination of the
eye with red, green, blue and white light using the RGBW-
LED (Fig. 3). These LEDs can be controlled individually,
enabling bright and high-contrast illumination of the vari-
ous tissues and structures of the ex-vivo porcine eye and
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Fig.6 CCT in front of the eye pupil for different combinations of the
RGBW-LED pen at different intensities. a White LED at 100% add-
ing the blue LED in 10% steps. b Red and green LED at 100% inten-
sity and adding the blue LED in 10% steps. ¢ Green, blue and white

facilitating the diagnosis of pathological changes. With the
blue LED, for example, the fluorescent dye fluorescein can
be excited in order to perform fluorescein angiography [23]
and the visualization of the vitreous is improved [24]. With
green illumination (red-free) the anterior retinal structures
are highlighted and with red light illumination choroidal
vasculature can be emphasized [25]. Adjusting the color to
make the fundus more yellow/orange results in improved
staining of the internal limiting membrane with brilliant blue
G stain and with adjusting the color to make the fundus
appear more red improves the visualization of indocyanine
green stain [24]. The nerve fiber layer is best seen under
green illumination, the retinal vessels are best visualized
under yellow illumination, the granular texture of the retinal
pigment epithelium under orange/red light and the yellow
macular pigment are best seen under blue illumination [26,
27]. Ophthalmologists have different color perception and
different preference in color temperature and color appear-
ance in the patient's eye. With the adjustable RGBW-LED

u less pigmented eyes

LED at 100% intensity and adding the red LED in 10% steps. Blue
and orange bars indicate the results for less and strong pigmented
eyes. (Color figure online)

pen, the spectrum can be tuned as it appears the best to the
ophthalmologist. In addition, the adjustable RGBW-LED
pen can compensate for the red-shift in intraocular illumina-
tion [28, 29] that occurs due to the transmission properties of
sclera and choroidea (Fig. 4). With increasing the intensity
of the blue or white LED or with dimming the red LED this
is feasible. In Figs. 3 and 6 it becomes apparent that CCT
increases with higher blue or white content or with lower red
content, resulting in whiter illumination with less red-shift.
With increasing LED intensities, especially the blue and
white LED intensities, the hazard to the retina also increases
(Fig. 5). Despite to the low transmission of the sclera and
choroidea, the limit for the photochemical hazard specified
in DIN EN ISO 15004-2:2007 [17] is partly exceeded. For
this, the corresponding exposition time should be respected
and should not be exceeded. As the average ophthalmic sur-
gery lasts around 110 min [30] these times would not be
exceeded anyway. The limit value for the thermal hazard is
not exceeded.
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This study is an extension to the study by Busshardt et al.
(2021) [16], which considered the hazard evaluation of the
diaphanoscopy pen at its tip and under consideration of the
scleral transmission only. However, since hemoglobin has
a very high absorption in the blue wavelength range [31],
this has a major impact on retinal hazard. Therefore, in this
study, the transmission properties of sclera and choroidea
were investigated combined and included in the hazard cal-
culation. Transmission of sclera and choroidea together was
not published before, but is important for calculating retinal
load during transscleral illumination. The temperature on
the tip of the diaphanoscopy pen is improved compared to
the study of Busshardt et al. (2021) [16] and is reduced to
around 30 °C. This is due to the improved heat dissipation
with the help of the copper bar, which is in contact with the
LED board, and with the long 33.5 mm light pipe in front of
the LED, compared to the self-made 20 mm long light pipe
in [16] where 37 °C was measured at the tip. An extension of
our study is the consideration of the pigmentation of the eye.
For eyes with different degrees of pigmentation, a differ-
ent setting of the RGBW-LED pen can be chosen to obtain
an equally good illumination of the eye fundus. Another
improvement is the higher luminous flux of the LEDs. In
comparison to Busshardt et al. (2021) where the RGBW-
LED pen reached 15 Im for maximum possible intensi-
ties measured with an aperture of 0.68 mm diameter (with
the set-up presented in Fig. 1a), in our study the advanced
pen reaches 48 Im for all LEDs set to 100% intensity with
the same aperture. Thus, the eye can be illuminated more
brightly with the pen developed in our study compared to
the pen of Busshardt et al. (2021). Likewise, several color
variants are pictorially represented than only red, green, blue
and white. The cold white LED applied in our study has a
color temperature of 6000 K, whereas the warm white LED
in [16] has 3700-4300 K. The cold white LED applied in
our new system improves intraocular vision by compensat-
ing for the red-shift with the higher blue intensity, which
allows better visibility of intraocular structures. A further
extension of [16] is the investigation of the influence of LED
intensity and spectral distribution on intraocular CCT. In
order to visualize structures more effectively, a lower red
component would be useful. Comparing the CCT of highly
and lightly pigmented eyes, it can be noticed that by illu-
minating lightly pigmented eyes at a setting of 80% inten-
sity of the red LED and 100% of the green, blue, and white
LEDs (gbw100r80) provides about the same CCT as 100%
intensity of the red LED (gbw100r100) in highly pigmented
eyes (Fig. 6¢). Similarly, reducing the amount of blue can
cause the same CCT for low-pigmented eyes as for highly
pigmented eyes with full blue LED power. For example,
reducing the blue component by 20% (rg100b80) for lightly
pigmented eyes will produce approximately the same CCT
as for highly pigmented eyes without blue light reduction

@ Springer

(rg100b100) (Fig. 6b). By adjusting the LED intensities,
highly pigmented and lightly pigmented eyes can thus be
equally well illuminated. The adjustment of intensities, in
the comparison of highly and poorly pigmented eyes, also
plays a major role in retinal risk, as the hazard can thus be
reduced for less pigmented eyes. If the intensity of the blue
LED is reduced by about 20% (rg100b80) when illuminating
less pigmented eyes, the photochemical hazard decreases
in comparison to rg100b100 and approaches the value that
strongly pigmented eyes exhibit at 100% blue LED intensity
(Fig. 5b). The intensity of the blue LED can be lowered by
20% for blue eyes, for example, thus reducing the risk to the
retina while maintaining the same CCT as for brown eyes.
In this respect, the adjustable intensity of the red, green,
blue and white LEDs is not only useful for different applica-
tions and visualization of structures in the eye, but also in
the adaptation to the patients’ eye color. Retinal risk can be
reduced by adjusting the LED intensities according to the
pigmentation of the eye. As the human sclera is somewhat
thinner than that of porcine eyes [32] and the melanin con-
tent in the human eyewall is lower than in porcine eyes [22,
33] the transmission would decrease and the photochemi-
cal and thermal retinal hazard would increase. The allowed
maximum exposure times for transscleral illumination are
relatively high and in the range of a few to several hours
(Table 1), however, the surgeon should still vary the position
of the LED pen to be on the safe side, so that the same area
of the retina is not always directly illuminated. Furthermore,
a timer could be integrated into the next prototype, which
indicates when the limit value from DIN EN ISO 15004-
2:2007 [17] is reached and alerts the physician by beeping.

5 Conclusion

With the RGBW-LED diaphanoscopy pen, the ophthalmolo-
gist is able to set the desired intraocular color appearance
and intensity which he personally prefers for different appli-
cations. With varying LED intensities the ophthalmologist
is able to compensate the red-shift of the intraocular light
spectrum. The intraocular space is illuminated clearly and
there is no potential photochemical or thermal retinal risk
according to DIN EN ISO 15004:2-2007, considering the
maximum application time. When all LEDs are set to 100%
intensity, the eye can be illuminated for up to 1.5 h. With this
device, the ophthalmologist can adjust the LED intensities
to the patient’s eye color. Lowering LED intensities would
reduce retinal risk for patients with blue eyes compared to
brown eyes. Since this device is very inexpensive compared
to conventional ophthalmic devices, and has fewer sterility
requirements than endoillumination, this device can be well
applied in developing countries.



Biomedical Engineering Letters (2024) 14:115-126

125

Author contributions All authors contributed to the study conception
and methodology. The supervision was led by MH. The development
of the RGBW-LED prototype was performed by DS. Tests on porcine
eyes were performed by DS and NF. Transmission measurements were
performed by NF. The first draft of the manuscript was written by NF.
All authors reviewed and edited all versions of the manuscript. All
authors have read and approved the final manuscript.

Funding Open Access funding enabled and organized by Projekt
DEAL. This work was funded by the German Federal Ministry of
Economics and Technology within the ZIM joint project “Safe Light”
(Grant Number ZF4137902AK09).

Declarations

Conflict of interest The authors have no relevant financial or non-fi-
nancial interest to disclose.

Ethical approval Not applicable.
Consent to participate Not applicable.
Consent for publication Not applicable.

Open Access This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long
as you give appropriate credit to the original author(s) and the source,
provide a link to the Creative Commons licence, and indicate if changes
were made. The images or other third party material in this article are
included in the article’s Creative Commons licence, unless indicated
otherwise in a credit line to the material. If material is not included in
the article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will
need to obtain permission directly from the copyright holder. To view a
copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

References

1. Hammer M, Roggan A, Schweitzer D, et al. Optical properties
of ocular fundus tissues-an in vitro study using the double-inte-
grating-sphere technique and inverse Monte Carlo simulation.
Phys Med Biol. 1995;40:963-78. https://doi.org/10.1088/0031-
9155/40/6/001.

2. Bashkatov AN, Genina EA, Kochubey VI, et al. Optical proper-
ties of human sclera in spectral range 370-2500 nm. Opt Spec-
trosc. 2010;109:197-204. https://doi.org/10.1134/S0030400X 1
0080084.

3. Wood EH. Study of transillumination of the eye. Arch Ophthal-
mol. 1939;22:653-66. https://doi.org/10.1001/archopht.1939.
00860100137011.

4. Terasaki H, Miyake Y, Awaya S, et al. Identification of ante-
rior uveal tumor border by transscleral transillumination and an
ophthalmic endoscope. Am J Ophthalmol. 1997;123:138-40.
https://doi.org/10.1016/S0002-9394(14)71012-8.

5. Laqua H, Volcker HE. Pars plana vitrectomy in eyes with
malignant melanoma. Graefes Arch Clin Exp Ophthalmol.
1983;220:279-84. https://doi.org/10.1007/BF00231356.

6. Finger PT, Iezzi R, Romero JM, et al. Plaque-mounted diode-
light transillumination for localization around intraocular

10.

11.

12.

13.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

tumors. Arch Ophthalmol. 1999;117:179-83. https://doi.org/
10.1001/archopht.117.2.179.

Kjersem B, Krohn J. Transillumination imaging of intraocular
tumours. J Vis Commun Med. 2013;36:26-30. https://doi.org/10.
3109/17453054.2013.790009.

Krohn J, Seland JH, Monge OR, et al. Transillumination for accu-
rate placement of radioactive plaques in brachytherapy of choroi-
dal melanoma. Am J Ophthalmol. 2001;132:418-9. https://doi.
org/10.1016/S0002-9394(01)00971-0.

Shanmugam PM, Ramanjulu R, Mishra KCD, et al. Novel tech-
niques in scleral buckling. Indian J Ophthalmol. 2018;66:909-15.
https://doi.org/10.4103/ijo.1JO_136_18.

Mariacher S, Khalil H, Bolz M. Enhancing scleral buckling sur-
gery using an illuminated scleral depressor. Retina. 2021. https://
doi.org/10.1097/IAE.0000000000003274.

Schmidt JC, Nietgen GW, Hesse L, et al. External diaphanoscopic
illuminator: a new device for visualization in pars plana vitrec-
tomy. Retina. 2000;20:103-6. https://doi.org/10.1097/00006982-
200001000-00023.

Veckeneer M, Wong D. Visualising vitreous through modified
trans-scleral illumination by maximising the Tyndall effect. BrJ
Ophthalmol. 2009;93:268-70. https://doi.org/10.1136/bjo.2008.
147306.

Koch FH, Scholtz S, Koss M, et al. external illumination options
for vitreoretinal service provided in the operating room, an ambu-
latory surgery center or in the office. Invest Ophthalmol Vis Sci.
2011;52:544.

Wecker T, Jordan JF, van Oterendorp C. Diaphanoskopie bei der
Zyklophotokoagulation. Ophthalmologe. 2016;113:171-4. https://
doi.org/10.1007/s00347-015-0203-7.

Lytvynchuk LM, Grzybowski A, Lorenz B, et al. New scleral
depressor marker for retinal detachment surgery. Ophthalmol
Retina. 2019;3:73-6. https://doi.org/10.1016/j.oret.2018.08.005.
Busshardt J, Sieber N, Koelbl P, et al. Development and first
assessment of a RGBW-LED diaphanoscope. Ophthalm J.
2021;6:101-6. https://doi.org/10.5603/0J.2021.0020.

DIN EN ISO 15004-2-Ophthalmic instruments—Fundamental
requirements and test methods - Part 2: Light hazard protection
(ISO 15004-2:2007) German version EN ISO 15004-2:2007:
Beuth Verlag GmbH. Berlin.

Sliney D, Aron-Rosa D, DeLori F, et al. Adjustment of guidelines
for exposure of the eye to optical radiation from ocular instru-
ments: statement from a task group of the international commis-
sion on non-ionizing radiation protection (ICNIRP). Appl Opt.
2005;44:2162-76. https://doi.org/10.1364/A0.44.002162.

Basu C, Schlangen S, Meinhardt-Wollweber M, et al. Light source
design for spectral tuning in biomedical imaging. ] Med Imaging.
2015;2:44501. https://doi.org/10.1117/1.JM1.2.4.044501.

Sarao V, Veritti D, Borrelli E, et al. A comparison between a
white LED confocal imaging system and a conventional flash
fundus camera using chromaticity analysis. BMC Ophthalmol.
2019;19:231. https://doi.org/10.1186/s12886-019-1241-8.
Fehler N, Lingenfelder C, Kupferschmid S, et al. Determination of
the intraocular irradiance and potential retinal hazards at various
positions in the eye during transscleral equatorial illumination for
different applied pressures. Z Med Phys. 2022. https://doi.org/10.
1016/j.zemedi.2022.11.005.

Menon IA, Wakeham DC, Persad SD, et al. Quantitative determi-
nation of the melanin contents in ocular tissues from human blue
and brown eyes. J Ocul Pharmacol Ther. 1992;8:35-42. https://
doi.org/10.1089/jop.1992.8.35.

Tsang SH, Sharma T. Fluorescein Angiography. Adv
Exp Med Biol. 2018;1085:7-10. https://doi.org/10.1007/
978-3-319-95046-4_2.

Charles S. Getting Specific About 3-D Visualization: An under-
standing of the features and benefits of this new technology

@ Springer


http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1088/0031-9155/40/6/001
https://doi.org/10.1088/0031-9155/40/6/001
https://doi.org/10.1134/S0030400X10080084
https://doi.org/10.1134/S0030400X10080084
https://doi.org/10.1001/archopht.1939.00860100137011
https://doi.org/10.1001/archopht.1939.00860100137011
https://doi.org/10.1016/S0002-9394(14)71012-8
https://doi.org/10.1007/BF00231356
https://doi.org/10.1001/archopht.117.2.179
https://doi.org/10.1001/archopht.117.2.179
https://doi.org/10.3109/17453054.2013.790009
https://doi.org/10.3109/17453054.2013.790009
https://doi.org/10.1016/S0002-9394(01)00971-0
https://doi.org/10.1016/S0002-9394(01)00971-0
https://doi.org/10.4103/ijo.IJO_136_18
https://doi.org/10.1097/IAE.0000000000003274
https://doi.org/10.1097/IAE.0000000000003274
https://doi.org/10.1097/00006982-200001000-00023
https://doi.org/10.1097/00006982-200001000-00023
https://doi.org/10.1136/bjo.2008.147306
https://doi.org/10.1136/bjo.2008.147306
https://doi.org/10.1007/s00347-015-0203-7
https://doi.org/10.1007/s00347-015-0203-7
https://doi.org/10.1016/j.oret.2018.08.005
https://doi.org/10.5603/OJ.2021.0020
https://doi.org/10.1364/AO.44.002162
https://doi.org/10.1117/1.JMI.2.4.044501
https://doi.org/10.1186/s12886-019-1241-8
https://doi.org/10.1016/j.zemedi.2022.11.005
https://doi.org/10.1016/j.zemedi.2022.11.005
https://doi.org/10.1089/jop.1992.8.35
https://doi.org/10.1089/jop.1992.8.35
https://doi.org/10.1007/978-3-319-95046-4_2
https://doi.org/10.1007/978-3-319-95046-4_2

126

Biomedical Engineering Letters (2024) 14:115-126

25.

26.

27.

28.

29.

is necessary to its successful implementation. Retina Today.
2017;12:48-9.

Witmer MT, Kiss S. Wide-field imaging of the retina. Surv Oph-
thalmol. 2013;58:143-54. https://doi.org/10.1016/j.survophthal.
2012.07.003.

Delori FC, Gragoudas ES, Francisco R, et al. Monochromatic
ophthalmoscopy and fundus photography. The normal fundus
Arch Ophthalmol. 1977;95:861-8. https://doi.org/10.1001/archo
pht.1977.04450050139018.

Ducrey NM, Delori FC, Gragoudas ES. Monochromatic ophthal-
moscopy and fundus photography. II The patholog fundus Arch
Ophthalmol. 1979;97:288-93. https://doi.org/10.1001/archopht.
1979.01020010140009.

Schirmer KE. Transillumination and visualization of the anterior
Fundus. Arch Ophthalmol. 1964;71:475-80. https://doi.org/10.
1001/archopht.1964.00970010491006.

Lingenfelder C, Koch F, Koelbl P, et al. Transscleral LED illumi-
nation pen. Biomed Eng Lett. 2017;7:311-5. https://doi.org/10.
1007/313534-017-0039-y.

@ Springer

31.

32.

33.

. Costa AdS. Assessment of operative times of multiple surgical

specialties in a public university hospital. Einstein. 2017;15:200—
5. https://doi.org/10.1590/s1679-45082017gs3902.

Fehler N, Lingenfelder C, Kupferschmid S, et al. Intraocular
reflectance of the ocular fundus and its impact on increased retinal
hazard. Z Med Phys. 2022;32:453-65. https://doi.org/10.1016/j.
zemedi.2022.03.001.

Nicoli S, Ferrari G, Quarta M, et al. Porcine sclera as a model of
human sclera for in vitro transport experiments histology, SEM,
and comparative permeability. Mol Vis. 2009;15:259-66.
Durairaj C, Chastain JE, Kompella UB. Intraocular distribution of
melanin in human, monkey, rabbit, minipig and dog eyes. Exp Eye
Res. 2012;98:23-7. https://doi.org/10.1016/j.exer.2012.03.004.

Publisher's Note Springer Nature remains neutral with regard to
jurisdictional claims in published maps and institutional affiliations.


https://doi.org/10.1016/j.survophthal.2012.07.003
https://doi.org/10.1016/j.survophthal.2012.07.003
https://doi.org/10.1001/archopht.1977.04450050139018
https://doi.org/10.1001/archopht.1977.04450050139018
https://doi.org/10.1001/archopht.1979.01020010140009
https://doi.org/10.1001/archopht.1979.01020010140009
https://doi.org/10.1001/archopht.1964.00970010491006
https://doi.org/10.1001/archopht.1964.00970010491006
https://doi.org/10.1007/s13534-017-0039-y
https://doi.org/10.1007/s13534-017-0039-y
https://doi.org/10.1590/s1679-45082017gs3902
https://doi.org/10.1016/j.zemedi.2022.03.001
https://doi.org/10.1016/j.zemedi.2022.03.001
https://doi.org/10.1016/j.exer.2012.03.004

	Advancement of a RGBW-LED pen for diaphanoscopic illumination with adjustable color and intensity with tests on ex-vivo porcine eyes in terms of retinal risk and correlated color temperature
	Abstract
	1 Introduction
	2 Materials and methods
	2.1 RGBW-LED diaphanoscopy pen
	2.2 Test on ex-vivo porcine eyes
	2.3 Retinal hazard evaluation
	2.4 Correlated color temperature

	3 Results
	3.1 RGBW-LED diaphanoscopy pen
	3.2 Test on ex-vivo porcine eyes
	3.3 Retinal hazard evaluation
	3.4 Correlated color temperature

	4 Discussion
	5 Conclusion
	References




